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FOREWORD

This repurxt was prepared for the U.S. Air Force Flight Dynamics Laboratory,
Wright-Patterson Air Force Bas;., Ohio, under Contract Number F33615-75-'-C-3052_.

The wovtk reported herein was performed at the 0r1&ndp Division of Mardn
Marietta Aerospace as a part of Project 8219, "'Stability and Control for Aero-
space Vehicles", Work Unit 82190117, "Aerodynamic Stability Techmology for
Maneuverable Missiles". ‘

This work was performed during the period ‘February 1975 to December 1976.
The principal investigators were J. E. Fidler'and G. F. Atello., The technical

monitor for AFFDL was Mr., wiiliam H. Lane. '
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SUMMARY
A computerized engineering model is presehted for estimating the
effects of asymmetric lee-side vortices on slendex u;saile configurations. i':
The procedure was developed using both;emplr%cally 4etermined quantities

and t' eoretical techniques. Empirical inputs define both vortex locations ard

-

street vortex strengtha; whereas, potential flow considerations guide - :Qf

in the definition of initial vortex strengths and induced forces and

moments. The procedure is applicable to bodies with and without tails.

Calculable effects are: induced side forces, yawing moments, tail forces,
and rclling moments. The procedure was applied to a number of different
ccebinations of geometrieg and flow conditions and the tesuita compared
agairst experimental data. These ‘comparisons, while not éxnct, have
.nhown the procedure to be suitably accurate for preliminary design purposes.
Using this procedure, a user can thimate the magnitude bué not‘neceauarily'
thé directiun of vortex induced forces and moments and th; angle of attack
at which they first appear. Uncgrtainiiy in directlon.is attributed to
the randomness associated with formation and subsequent shedding of the
initial palr of vortices. Nose 3eométry 1tregu1ntigies greatly influence
the side of the body from which the initial vortex separates.

A users manuel for this computerized procedure is aiso provided. The
manual includes user insttuctioné. a progrnm_l}qging. sample inputs,and

sample outputs.
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1.0 INTRODUCTION

In recent years, increased maneuve?ability'requirementa for air-to-air

migsiles have dictated corresponding increases in angles of attack, particu- _

lerly for those vehicles which perform sleﬁing maneuvers. Maximum angles
for such missiles can now reacdh 180.degree§. As a result of these develoé-
ments, the flow fields with which the aerodynamicist has to deal are much
-ofc complex, and tfaditional methods for predicting aerodynamic character-
istics are inadequate to deal with all the problems involved. One example

of method deficiency is found in the angle of attack range 25-50 degrees.

. Bere, steady, asymmetric vortex patterns usually develop in the body wake

and can induce large éide'forces and yawiné and rolling moments which are
detrimental to_nissile controllability. Few methods are currently available
forvpredicting these forces and moments or for analyzing the éonplex £low
fields which produce them. The effeccs are particularly acute in the sub-
exmic-transonic speed range. At Mach numbers greater than about 1.5, however,

they tend to diminish rapidly.

The flow phen&ména involved and their effects have received considerable

(1-9),

attention recently, althouzh wake vortex effects and asymmetry have

been reported by earlier nuthnra;(lo'l3)

(10)

Among the earliest studies were

(11)

those of Allen and Perkins in which some

and Perkins and Joigensen,
of the basic flow structure in the wake was inveetigated and the onset of

vo}téx asymmetry observed. More recent work by Thomson and Horrlaon(l)nnd

. Thomson (2,8) determined detalls.of'the wvake flow field and the associated

vortex characteristics through direct flow probing. 1In that work, it:ention

was dravn to the strong similarities between the three-d {mensional

asymmetric wake and its two-dimensional counterpart, the von Karman vortex street.




Hgasurenents were made of vortex strengths, spaéing anl shedding frequency. The
dats of Refegence 1 have often formed the basis for follow-on work to determine

vortex effects on slender miasllel(s'a) or for the computation of wake flow
characterittico.(G) The measurements form part of the basis for the preseant

work, with suitable modifications for various flow parameter changes.

Recent wind tunnel ;nvestigations performed by Martin Marietta showed
marked evidence of asymmetric vortex effects. The magniiudes of typical
induced quantities are shown in Figures 1 and 2. In Figure 1, pitch lndl
yaw plane moment data up to 60 degrees angle of ;ttack are shown for &n
isolated body composed of an-dgive-cylinder of 10:i total slenderness ratio.’

leginﬁing around 25 degrees angle of attack, considerable yawing moments

. were induced due to asymmeiries. The addition of tails to the Body (Figure

2) results in the generation of yawing moments which are almoa; as large as
the pitching moments. In addition *o the problem of magnitudes is that of

unpredicatable sign. (1,3.4)

Random changes in direction of forces snd
moments have been observed, sometimes re;ated to changing flow conditions,
but often interpreted to be caused by small manufacturing imperfections near

the misaile nose (%’3’4)

.In fact, significant changes in induced force and
moment magritudes and signs can be produced by rotation of all or parts of
ghe bpdy.(l's;k) This has further, serious implications for misa#le con~
trollability. |

It i3 clear that techniques are required for calculating the forces
and'nomenta induced by asymmefric vortex wakes, Soﬁe’work ﬁaﬁ aiready been

done In this area (8,9)

for slender bodies at subcritical crossflow Reynolds
number. The procedure presented in this document deals with that case also,

but goes further in considering supercritical crossflow Reynolds and Mach
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number effects for bodies with and without tails. This technique is
semi-empirical, drawing upon tﬁe experlmentﬁl evidence'referrcd to above,
but'modifying it for different flow conditions and supplementing it with
un.lytical results and techniques. To make this technique more readily

useable, it has been programmed for digital computation.

The layout of this document 13 as follows: firsé, a general descript-

ion of the flowfield is presented, followed by descriptions of the techniques
‘used to model the asymmetric vortex wake and calculate the induced forces
and moments. Following these, there is a section pregenting comjari-

sons between predicted results and experimentally measured data. Finally,

there is the informaticn necessary to operate the program, i.e.,user

1hstruct16ns, a program Elau chart and listing, ssmple inputs/outputs and

- an indication of program limitations.
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2.0 FLOWFIELD DESCRIPTION

When a slender missile Body is placed at angle of attack in a uniform
flow, the boundary layer generally separates on‘eifhtr side of the body'ahd
" forms a lee side wake. Seﬁaration ususlly begins near the rear when the
aissile reaches about 6 degrees angle of attack. The wake gakes the form
of a pair of symmetrically-disposed, counter-rotating vortices fed by vor~
ticity shed from the separating boundary layer. As angle of attack increases
thé axial extents, sizes and strengths of the vortex increase also.

In genera;,‘vottex size and strength also increase towards the rear
‘of the body. Several authors have formulated descriptions ofivortex‘develop-
ment along slender bodies 'in terms of ;wo-dimensional, 1mpulsive1y-;tarted
flows around cylinders. These formulations relate flow development with
time, measured githef from the beginning of impulsive two?dimens#onal
motion or from the instant a fluid particle makes contact with a three-
ainensiona]'body. In the latter case, ttme.ls defined by distanc§ travelled
along the body and the agial‘component of freesttéam velocity. For the two-
dimensional case, th. motion of the yortei cores as time passes (i.e.,
vortex size and strength increase) theoretically follows a path known as

the Pippl line.(la)

Use ‘has been made of this result in the present work,
&8s will be described later.

Hhen the body angle of attack reaches about 25 degrees, tﬁe symmetric
nature of the wake disappears. Tﬁe two vortices are joined by a third,
beginning'ngnin at the body rear, and the wake bec&mes asymmetric. As
sngle is increased further, more.vortices join the flow until the wgke con~-

tains several which have been shed from the body. An idealized model of

the flow field 1s shown in Figure 3. A section taken through the Qaké shows

i
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it to resemble the von Karman vortex street, well kicwr in the literature

on two-dimensional flows. Not all of the vortices are fully shed, héwuvcr;
two usually remain cioae to the body, receiving vorticity from the shedding
boundary layers. If angle of attack continues to increase these, too, will
be fully shed into the wake when their strength reaches some critical value.
Their places will be taken by yet other growing vortices.

Hhilc‘u growing vortex is receiving vorticity from the boundary layer,
i.e., befcre it reaches full strength, 1t‘tendn to stay close to the body.

(1)

Thomson and Morrison showed schlieren photographs which impliad that the

vortex core is somewhat curved while it is forming. Not until full atrength

has been reached does the core become straight and parallel to the rest of

the vorticss in the street. This core behavior is indicated in Figure 3.

It has been determined that a marked similarity exists between the

manifestations and effects‘ofvtwo- and three~dimensional asymmetric vortex

1)

wvakes. In fact, the von Karman street stability criterion that the ratio

of lateral ltfeet dimension, h, to the distance between vortices of like
sign, £, given by h = b.2811, has been shown to apply to both calni

(rigure 31). However, 1n'the wake of Figure 3 no lateral motion of the vor-
tex cores relative to the body tokes place. The two-dimensional phenomcion
of 1ncreaaing distance berween vortex core and hodylus time increases is
snalogized in the same way aQ for the symmetcical vortiéea. That il to say,

the wake 1s steady and the motion of a fluid particle along a (stationary)

ot e

vortex core may again be described in equivalent time by 1its sxial velocity .
(2)

and distance traveled. Thrrugh use of this analogy, Thomson and Thonabq

(1)

and Morrison were able to deduce the strengths of asymmetric wake vortices

(8)

as well as cheir effects upon body croesflow drag. Thomson recently ex-

tended this work to deal with induced side forces and yawing moments on bodies

at subcritical crossflow Reynolds numbers.
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At still higher angles of attack.isay greater than 50 degrees, the wake
begins té display unsteadiness. The vurtex cores Qhov definite lateral dis-
placeuénts relative to the body and the induced forces and moments become
time-dependent. Thg procedure presented in this document does not consider

'

this case. Attention is directed only to the phenomena in the angle of

attack range from 25 to SO degrees anJ their effects upon missile asro-

dynamic characteristics.
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3.0 CONSTRUCTION OF FLOW FIELD MODEL

Development ofla procedure to predict the effects of an’asymmet:ic
vortex wake on configuratioﬁ aetod}namics requifea the development of a
realistic flow field modél. A flow field modei, reflecting the state-of-the
art, can be developed»using semi-empirical inputs based'on the data of
References 1, 2, 8 and i6 and theoretical results(ih’ls)

Vortex strengths and locations have been made compatible
with the findings of Reference 1 and suitably scalad to broaden their ranges
of applicability. In addition, theoretical results on the locations of wake
vortices and their images have been introduced gnd the'contribufion'of nose
potential lift to vortex strength has been‘consideted; Both.shed and grow-
1hg vortices are treated, making use 1p baré, of a vorticity-cbnservatipny
concept.(s) Each of the.above components of the model is described in de-

tail beginning with vortex strength.

Vortex Strength

© rvomenn e

1.,8)

Detailed flow surveys have shown that not all the wake vortices

_ are of the same strength. Cenerally. the first vortex from the nose origin-

ates near the nose/body junction and has the smallest strength in the wake,

rl, say. The seccnd vortex separates soon after the,fifet and has a somevhat

higher strength, rz. From the third vortex onwards, a}l have approximately
the same strength, rs(>r2), axd their spacing and strength are analogous to
those of the vortices in a von Karman street. While the first and second
vortex strengths wili contain contributions from the (potential) nose lift,
the "street" vortices are wholly fed Qith vorticity from the separating body
boundary layer. Reference 8 pteaenta.detailed lnformatlon on dimensionless

vortex strength, Pa, for various angles of attack at subcritical crossflow

‘Reynolds number, For the first two vortices, stfength is calculated using

concepts from potential flow theory.
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The first and second vortex.strﬁzgths must contain a contribution

from the potential flow lift of the nose. The strength of the first vortex,

I,, may be entimated if it is assumed chat the nose is replaced by a horizon-

1
tal lifetin, line of constant strength, l‘1 located at the nose/body junction

(Figure 4). All of the nose lift is assumed generated by this line and the
associated trailing vortices will have its strength provided tt-y receive ﬂo
further vorticity, from the shedding boﬁndari layer for example. The first
vortex shed, near‘the hose body junction, will probably.contain only potential-

. flow-generated circulation. To calculate vortex strength Pl is straight

forward. It can be-shoun(ls) that the coefficients of normal andlaxial force

'

acting on the nose are predicted by slender body theory to be:

: 2
CN 2 sin a and CA CAo sin” a
vhere the reference area is that of the body cross section. lConverting these

quantities to 1lift coefficient yields

¢

CL - CN cos a - CA sinva

IfC s i:sumed negligible (as it will be, compared to the axial forces

A0

generated at the high angles of attack here) this expression becomes after
lo-e‘-aniﬁulution
L = % V2 wdz (2 sin a cos a + sin3 a)

= p_rldv

The lattef expression is the well-known Kufta-Joukowaki theorem. Finally,

the equation may be rearranged to yield:

r

1 2

Vd sin a

a) (1)

- %'(2 cos a + sin

- This dimensionless vortex strength may be compafed with ﬁeasutementa

1)

from flow field surveys. Using an angle of 30 degrees, equailon (1)

yields o dimensionlesa strength of 0.78. The corresponding measured gtrengths

11
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shad

from Reference 1 show a range of values from 0.3 to 1.1 with a mean value
of 0.7. This compares quite well with the predicted value. Where it is

found that the first vortex is shed forward of the nose/body junction, its

strength is simply determined by using the local nose diameteg in equation

A PR S0 b S e o g

(1. , .
There should be little or no effect of Reynolds number om Pl gince the
strength is determined by potential flow considerations. On the other hand,
P. is wholly produced by visous flow and is strongly affected'by crésafluw
Reynolds number (Re), vwhich influences the characteristics of the boundar§ 5
layer shed to form the street vortices. The second vortex, being shed
downstream from the nose/body junctioﬁ, is modeled here as a "mixed vortex," : 9
1;e.; a potential flow vortex which receives additional vorticity from the ' ;
shedding boundary iayer just aft of the nose (Figure 4). Formally, r2 is
expressed as: | ‘ ' ,

f=N

K was found empirically to be about 0.22 from the wake survey data of Ref-

+KT
s

erence 1.

For street vortex strength at subcritical Re , the data shown in Figure
. [ .
5 were used (8). In order to scale ra for supercritical Re . use was made of

(14) c ' ‘ {

von Karman's result that crossflow drag coefficient, Cdc’ is approximately . !

proportional to the street vortex strength, P' (the expression for cdc con-

tains terms in rs and rsz; however, the latter sccounts fo: less than 10 per-

cent of the total; hence, Cdc is spproximately proportioral to P.). Data obtained

(16)

from Martin Marietta investigaticons into crossflow drag produced the in-

formation of Figure 6, which shows that for low crossflow Mach number, crossflow

L bt T P 0, TN AN 2,

Reynolds number has a strong influence on crossflow drag. Above the critical
crossflow Reynolds number (about 105), cdc shows a‘significant decrease below
the subcritical value. Hence, r’. too, will be significantly reduced. An

increase in crossflow Mach number, Mc. is required to increase both cdc and ‘
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.

> 105 the subcritical Re values of ra from
z . c
Figure 5 are scaled in the same ratio as Cdc from Figure 6.

In order to illuminate further the meckanisms vnderlying the reiation-

rs. Accogdingly, for Rec

ship between crossflow Reynolds number and vortex strength, recent work by

(6)

Fidler will be briefly described. It may be shown that the strength of

a lee side asymmetric vortex can be related to the flux of crossflow vorticity -

leaving the body at the circumferential separation point defined by Os’ Further,

6 e+ i v A

:he_vorticity flux shed over axial distance g (at fixed angle of attack) in

unit time is:
' g

F -constjuzdx '
B s - .

G ' : . ‘
The vorticity thus shed diffuses through the vortex to produce the cir- ,

e i

culation Fs. Equating the flux FB to that flowing along a wake vortex of

core velocity Va ylelds an expression for vortex strength:

\\.
-3 2 N\

r, - 33;‘—3—‘—— / v,® dx N
Now Us.‘the circumferential velocity at the boundary iayer edge at sepa-
ration, is a function of 04+ 1In the two-dimensional case (17? it has been
found experimentally that when crossflow‘Reynolds number is subcriticai, es
1ies near the meridian of the cylinder and thé associated séparation velo-
_city Us is larger than in the supercritical Reynolds number case, where the !

‘separation point lies far over on the cylinder lee'sidg. Continuing the .

anslogy between two and three dimensions indicates that crossflow Reynolds

number affucts rg through its effects; first upon es, which in turn deter-~

mines U which defines the vorticity flux flowing from the body and dif- j
fuses through the vortex to produce rs. Hence, subcritical Re produces

‘ [
larger T values than does supercritical Re » provided crossflow Mach number

is low.

I3
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The foregoing discussions deal with fully-developed QO“.‘ces which
have left tﬁe immediate vicinity of the body and joined the asymmetric wake
pattern. However, consideration must be éiven to the street vortices while
they are forming close to the body. As previously discussed, these growing
vorticies are fed by vorticity from the separating body boundary layer.
Aasuming répid diffusion of vorticity the local vortex strength I'(x) formed
by shedding a boundary layer over distance x may be written (see previous

equation).
X

. y 2
I'(x) -const/ s dx

0

() that for those

Furthermore,.it‘has begn e;perimentally determined
portions of tﬁe body where street vortices are being'formed and for given
flow conditiﬁns, tﬁe circumferential loc;tion of boundary layer separaéion,
93, is approximately Eonstant with x. Hence, Us; thé circumferential
velocity at the boundary layer edge at separation is also constant. Thus
the local vortex strength is seen to be directly proportional to x, i.e.;

T(x) = Fs x/g where g is the distance over which boundary layer

fluid is shed to form a street vortex.

One final item affect{ng the strengths of forming vortices has been
considered. It has been shown by Thomson(s)that as a growing vortex nears

the base of the body, the rate at which its strength increases 18 reduced

due to base proximity. Thomson's data 1ndiqéte that the growth rate is

influerce i3 felt is given by

e = d2

28 1 tan a

The model contains this fgatute.

At any body axial station, then, the strengths of all the vortices

17
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are calculable from the combined theoretical/empirical’ procedures described
above. The next stage in flow field model construction is to locate the
vortices relative to the body so that their effects may be calculated.

Vortex Location and Spacing

The problem of locating vortex c;res‘in space relative to the body
must be handled separately for vortices growing near the body (i.e., those
' being fed with vorticity from the sepafating boundary layer) and for shed
vortices which can be considered‘pat: of the wake street. In the former
case, use is made of theoretical results from tuo-dimengional potential
flow theory; in the latter, systematic experimental evidéncg. suitably
scaled for flow parameter changes, is employed. The case of gréving vor-
" tices will be described first. ‘ ‘

Growing Vorgices .

In order to model the trajectory followed by a growing vortex, two
reference points are required. The.first is the circum”erential location
on the body at which the boundary layer separates. The second is the
point in space at which the vortex has Feached full strength and can be

said co have joined the street.

The first poiﬁt i{s located by the empirical relationship

6a - siﬂ‘1 (3 tan 8/2 tan a)
The angle thus defined places separation in the‘general fegion typical
of laminar/turbulent boundary layers. Since the means of determining
vortex strength does not rely upon an exact knowledge of ghe separation
point locatién,xthe above approximation is sufficient for present purposes.
If the determination of vortex strength had required use of the Kutta

condition, or some estimate of vurticity flux leaving the body, the angle

18
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e. vouid'have been required with some accuracy. In the present method
however; vortex strength is defined otherwise and a rough estimate of the
separation angle ia sufficient. |
The second point for anchoring the growing vortex trajectories was
taken as the interaectioﬁ of the F;ppl and von Karman lines along which '
the symmetric and asymmetric vortex cores were known to move respectively.
Use of this point was justified as follows: ' '
As discussed earlier, the appearance of vortices in the wake shows,
at the earliest stage, a symmetric pair. At any axial station, increining
angle of attack produces increased vortex size and strength as well as an
outward aoveaeﬁt of the core approximately following the f;ppl line, It
vas reascned that at the first appearance of asymmetry, ﬁne of the vortices

on the P;ppl line would change its trajectory and pfoceed outwards along

A S, 13005 b S o 53 e = e L

a new path defined by the von Karman stability relationéhip described
earlier. The second vortex would pétform similarly and this would then
set uh the apafing of vortices in the street. It was hypothesized then,
that in order to continue ihe spacing pattern, the intersection of the
!;ppl and von Karman Liﬁegvvould denote the point at which all vortices
reached fﬁll strengfh and were yhed into the street. In order t§ test
this hypothesis the schlieren photographs of Thomson and Morriaoﬁ m

were examined to determine the distance from the body where vortex feed-

ing from the boundary layer ceased, i.e., the point at which the growing

' vortex cores became straight and joined the street.’ It was found that the

pointo thus defined covered a band of values from 2 to 2.5 diameters above
the body and at a lateral distance defined by the vén Karman stability
criterion. To determine the theoretical location of the shedding point,

the following procedure was used.  With the equation, (14), 2 ry = rz - lz,




the F;ppl line was drawn relative to the cylinder of Figure 7. The dafa
of Reference 1 were used in fhe equatlon d/t = §/x to dete;uine £, the
spacing between street vortices of like sign for subcritical crossflow
Reynolds numbers. Then the von Karman relation h = 0.2814 was used to

superimpose the street vortex location line on Figure 7. The intersection

of the F;ppl and von Karman lines was found to lie within the experimentally-

determined range siven above. Itlwas concluded then, that this intersection
point provided a good estima;e of the location at which the vortices stopped
groving and were shed to form part of the street. For the putposei of this
engineering flow mod2l the growing vortex core was assumed to move linearly
between the two anchor points. . The resulting core trajectory model is

shown {foreshortened) in Figure 8. .

Street Vortices ‘

From the P;ppllvon Karmaniliﬁe intersection the vortex cores stream
back into the wake as straight lines, making angle £ with the body axis.
This angle was measured by Thomson and Horrison,(l) related to the rate at
vhich a fluid particle flowing along the core increases its distance from
éhe body,‘and thence‘analoéized to the two~dimensional von Karman street.
£ 1s related to missile angle of attack throuéh the parameter X = tan

1). If the point on the body from which a vortex emanates is

g/tan u(
known, then its core location in space may be partly determined using x.
Por the purposes of this uorkyx was assumed unaffected by changes in cross-
flow Reynolds number. ‘

Vortex starting points on the body were estimated in Befereﬁﬁe 1 as.

being the intersection point of the body axis and the extrapolated street

vortex cores. Since these positions were obtained for tailless bodies, the
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present work assumes that in the presence of tails, body vortex formation
ceases at the body/tail leading edge intersection. Provided the Strouhal
ousber, S, is knowmn, the starting points of wake vortices can be datermined.

(1)

Purther, using the relation d/l‘- S/x, the lateral spacing, £, between

vortices of like sign, and hence 0.281%, the von Karman-deduced criterion

‘for lateral spicing can be determined. Thg vortex cores can now be located

in space relative to the body at any point along theityleng;ha. At this
stage, hovever, the informatipn is sufficient ogly for subcritical crosas-
flow Reynolds numbers. | |

The quantity on which attention must be concentrated when scaling ‘
vortex locations for crobsfiow Reynolds number is the Strouhal number, S.

This measure of the rate at which vortices of like sign are shed from'the

body has been shown to exhibit strong similarities between the two- and three-

dimensional cases. In Reference 1, S was determined experimentally to have
values near. 0.2 for a wide range of croséflow Hach‘numbers. This compares

well with the two-dimensional value at subcritical crossflow Reynolds number,
' (8)

It is known however, that tor cylinders, S varies with crossflow Reynolds

number and increases to values in the range 0.3 to 0.5 at supercritical Re.

This has a direct effect on vortex spacing, both longitudinal and laéeral.
For bodies alone then, S = 0.2 is used for subcritical Re.. It hasvbeen
found that a value of S = 0.35 gives the best results fﬁr supercritical Re,-
For bodies with tails, the rate of vortex formation 1sv1nfiueﬁced by the
presence of;the tails. Experimental evidence indicates that the effect is
to reduce the r;te of formation to that defined by S‘; 0.2 regardless of
wvhether the crossflow Reynolds number {s ;ub—vor supercritical. Accordipgly.

for bodies with tails, S = 0.2 1is used throughout.

23
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Using the above enpirical‘and theoretiéal iﬁputs. a model can be
constructed of thé asymmetric wake produced by a slender mis;ile configuration
nt'high angles of attack. This model 1nc1udes‘the number and locations of
vortices in the wake and their strengths, suitably scaled for Mach number
in& Reynolds number effects. Both growing and shed vortices are included
in tﬁe model. Having constructed i model of the v;ke, the next step is to

consider its effect on the missile configuration.
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4.0 FORCE AND MOMENT COMPUTATIONAL TECHNIQUES
Having established a technique to model the wake produced by a slender
missile configuration at high angles of attack, the next step i3 to calculate
the forces and moments induced on the configuration by the wake. This
section precents a computational proc. :ure to do this for bodies alone and
then for bodies with tails. Ig either case, fhe procedure calls fof the
calculation of incremental effects produced on various configuration segments
and then integration of these effects to determine the forces and moments
_ induced by the wake.
This computational procedure was designed with the intent that it
not be overly complicated. With this in mind, the following basic auoumétion
was made concefning the location within the body of the image vortices
. required ko preserve the veiocity tangency condition on the aurface'of the |
body at each axial staFion. These image vortices are locatéd in the body
on a plane pefpéndicular to the vortex'corg; however, this raises a problem
because of the inclination of the vortex cores relative to t§e body axis.
A cross-section normal to the street cofes'lhdvs an eiliptical body section,
. inside which the lccation of image vortices is not simp;y accomplisﬁed. In
'keeping‘vith the simple nature‘of this mrdel it va; decided that, if possible,

(a4) Thie

image vortices should be located by means of the circl; theoren.
vas né;ompliahéd by resolving the vortex circulafion vecfors normal anq
parallel to the body axis. By ignoring the former as having no ‘relevance

in the two-dimensional section model, the latter coﬁponentl plus their

images could then be used to determiné forces and moments. Th; use of images

was not necessary for body quantities, but was, howsver, nandltory for

tailed regions of the missiles. These points are discuesed below.
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Body Forces and ﬁomenté,

The caléulation of quy forces and moments begins with the determination
oi‘the incremental force on each body segment.‘ In order to calculate this
force, the local net circulation of all the vortices in the wake must be
known. Further, these vortices must have their circulation vectors resolved
puralle} to the body as descriﬁed above. At any axial station from the nose,

there are usually several wake vortices of strength r' and two growing

vortices, one on the left side; having strength FL(x) aud another on the

right, of strength rR(x); Since g is the axial distance over which a vortex

= x. + g/2 assuming Pg> T To resolve

R L L’
the strengths parallel to the body axis, the angle ¢ for growing and £ for

grows to full strength then x

street vortices were used'tespectively. Side force on unit length of the

body was calculated using the Kutta-Joukowski expression.

. n i—-ri m+l ‘i-ri
8Y = pVsin o [{PR(x)-TL(x)} cos g+ { L (— )I‘s - I (= )Ps } cos £}

i=1 R R1 i=1 R L1

Where it has‘been assumed, for illustration, that there are (m+l) fully
developed vortices on the left side of the body Qnd m on the right. The

term (i;ri)/i 19 an émpitical factor accounting for the attenuation of

fully developed‘vortex effects on the body as their distances from.it increases.
r, is the actual distance of the vortex from the body and R 18 an arbitrary
distance at which vortex effect is assumed to have atteuuated to zero. The
snalleat value of L

Thie formulation was an attempt to model ‘the expected vortex attenuatica

is defined by the F;ppllvon Karman intersection point.

effect empirically. As will be shown later, it was found that the best
representation of forces and moments was obtained when the street vortex

strength was allowed to attenuate to zero immediately after shedding.
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Total eide force Y and yawing momeut YM are calculated by numerically
integ~ating along the body length. At this stage in the computerized
version of the procedure, an option 15 provided allowing the user to cal-
culate the effect of varyihg nose fineress and bluntness ratios:. This
option uses the data of References 3 and 19 to scale the total body side
force and yawing moment for various nose fineness and blﬁntness rat;oa.

The calculation of individual side forces and yawing moments outlined above,

. employs the flowfield model developed’uﬂing the empiricai data from Reference >
to determine street vortex strength and vortex separation points. Thesé
empirical inputs were derived from wind tunnel data for a configuration
having a 3.798 fineﬁéss ratio c&nic nose. The data of Referencé.3,,obta1ned
from tests of configurations with noses of fineness ratios of 2, 3 and 4,
show that the maximum Qbsolute value of side force, ICYIHAX’ generally
tended to 1ﬁcrease with increased fineness ratio for noses with little or
no bluntness (see Figure 9). To account for‘this effect, the data of Figure 9
were used to produce scale factor; by which thé basic output, based on a
3.798 finener ratio nose, could be scaled. -

The data of Peference 3 also indicated that 1ncfeases in nose bluntness
generally tended to redwcé the maximum value cf side farce. Figure 10

.ahows the effecté of blunting 2 fineness ratio 4.0 ncse. Data we?e also
ava}lable for fin?qeae ratio 2.0 and 3.0 nose configurations with bluntnesses
of 0; 5, 10, 20 and 50 percent. These data were used‘to produce scale
factors by which the values of side force, already coffected for fineness
ratio, could Se scaled.

Schlieren photographs in Reference 3 indicate that Qariationd in fineness

ratio impact the locatioﬁ at which vortices are shed and that variations in
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fineness ratio impact the location at which vortices are shed and that
variations in nose bluntnegé delay vortex separation. ,This is to say that
variations in nose geometry influence the atructuré‘of the ésymmetiic wake.
Rather than attempting to modify the Flowlfeld modet présontcdlln'Sectton

. * 3.0, the scaling techaique outlined above was employed in keeping with

the simplified nature of the model. o

Caution is advised when employing the aSove scaling technique for nose

fineness and bluntness ratio variations. The waraing is necessary becausg

the data 3,19 used tp'derive the scaling factors were mean values and data

ahoﬁing considerable scatter. It is also possible that an independent tust

of these same configurations could produce considerably different data due

to the dynamic nature of the yoréex.shedding phenonenon. -

Tail Forces and Moments

" Induced side forces, yawing moments and rolling moments due to the
presence of tails can arise even when no asymmetry exists in the wake vortéx
pattern. This is because of varying net angles of attack of the variocus tails
when the missile is rolled at arbitrary anglés. Hence,.inlorder to bé certain
that experimental data indicate the presence of vortex asymmetry, it 1s ‘

necessary to be selective in choosing missile téll attitudes. For a cruciform

migsile, rol! angles of O "plus" and 45 degrees ‘''cross' are the only attitudes

vwhere, in the absence of wake asymmetry, zero side forces, rolling moments

and yawing moments occur (assuming, of course, no tail deflections). The pre-

ient model has been compared against experimental Aata from cruciform missiles

and hence tﬁe sbove two roll angles will be referred to exclusively.A

The procedure for calculating induced taii forces will be deacribed for
s vertical lee-side tail such as cguld be used on a cfuciform missile in

"plus" attitude. The major elemerits of the treatment are most expeditiously

described fog this case, although the compléte procedure will handle tails
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at any roll angle so that the orogram can treat “ndies at arbitrary roll or
whose tails number other thﬁn four. |
The first step in the process is to determine, for each vo*tgi, the
siQewash velocity induced normal to the tail leading edge at each spanwise
station. Since the effects of image vortices must be congidered and it is
pteéerted that the cércle theo;;ﬁ be used, the wake vortex ci;culation
véctor is res&lvgd parallel to the body zxis as before., In thia'case,
howéver, instead of simply resolving g through some angle analogoug to £

as was done for the body abéve, a new streagth is defined which will pro-

duce the Qame values of sidéwaéh velocity as did the original vortex. i
A single vortex in the wake plus its images will induce some distribution ;\
of sidewash velocity v along the tail leading edge. The average value

of‘this sidewash is

p .ﬂl
1 ‘,’ vdz
P .
a

If now the average sidewash is divided by the axial velocity Vcosa,
the average angle of attack induced on the tail‘is obtained. Using the -
result from slender bédy theory, that for low aspect ratio tails typiéal of
. ! (a .
missile ;onfigurations the slope of normal force coefficient is given by
#AR/2, the normal force coefficient induced on the tail due to the 1th
vortex may be expressed formally as
| AT | | | ~ !
S, = T Veoss f"idz - | | @ i
1 p Vcosa AB g : . ‘ | {
In order to determine rolling moment induced on the missile due to the

vertical tail, the resultant ncrmal force is assumed to act at the centroid

of the sidevasﬁ velocity distribution or, for the ith vortex

A .
Cl. - C.N {a + j vlzdz/} vidz} T (&)
i ig 0 0 A

B
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The total induced forces and moments are obtained by summing the
effects of all vortices in the wake. ' ;

Yawing moment induced by the tail is calculated by assuming that the
resultant loading is locate&_at the m*d-point of the leading edge.

Thé above procedure has been generalized to handle tails at any roll .
angle. ' In this way, the contributions of all talle to side forces and
yaving and rolling ﬁoments'may be determined.

Since arbitrary toil angles can be considered; this raises potential‘

* problems when a vortex core intersects the leading edge. For potential
‘vortices of ghe kind used here, flow velocities become extremely high
Anelf the core, resulting in unrealistically high induced sidewash angles.

This problem was circumvented by introducing into each vortex a sclid core
(18)

of radius 0.25 body radius.

S

When the tail intersects this core, calculations are discontinued. If
. the core passes over a tail while angle of attack is increasing, the forces
and moments are faiied across the gap within which calculations are not
performed. This procedure has proved quite satisfactory in praciice. v :
Instead of the slender body theory approach to tail forée, strip
theory might have been employed. It was felt, however, Ehgt the former was
more appropriate for the low aspect ratio tails for vhicﬁ the program would
probably be used. The program is flexible enoqgh. however, that strip

theory could be easily introduced if it were considered necessary.




5.0 COMPARISONS BETWEEN COMPUTED AND FXPERIMENTAL RESULTS
At.this stage then, the effects of the wake vortices.oﬁ bodies and
tails are calculable. Comparisons will now be presented between predicted
and experimental forces and moments to illustrate the performance of this -
engineering model. Bodies alone and with cruciform tails will be consid-
ered. The effect of varying the number of vortices considered will be shoun;
Program predictions have been compared against various experimen;alldata.

generated on a selection of the Martin Marietta Aerodynamic Research nodela.(16)

The basic model used for high angle data ;eneration was a 10 caliber tangent E

ogive/cylinder. This body was tested alone and with several sets of cruci-

form tails affixed. Each tail was inéividualfy instrumented so that program

predictions of vertical taii‘forces and moments could be checked for "plus"

attitudés. For t;ils other than vertical, the program would.prediét only

.the'lncremental force generated on them by the asymmétric wake. Freestream

effects were not taken into, account, and hence forces for non-vertical t#ila

Hﬁlllnotvbe'aiscussed. However, since the differvences between non—vertigal

tails due to asymmetric effects were presumed to be valid for "plus" and "cross"

attitudes, thg program was used tq predict rolling moments for these attitudgs;
The first comparison is shown in Figure 11. Here,’program'predictions

of norﬁnl forcé on a vertical lee side tail fixed Eo the body are conparea

against experimental data. Also_shoun is the‘effect,of consi&ering a;; of

. the vortices in the wake and of using ohly those vortices closest to the

body, i.e., the growing vottice?. It will be seen that the magnitude of o .

tail force is predicted within a few percent using only the gro;ing vortices, o

while use of all vortices produces a significant discrepanéy. The angle at

which asymmetry begins is matched‘oniy fairly, but the angle at which the

appearance of a new wake vortex drives the tail force in the opposite
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direction is matched within a few degrees. From this evidence, it is con-
cluded that the growing v&rtices tend to dominate the tatl acrodynamic
characteristics. The second comparison 1s shown in Figures 12a and b. Here,
predictions of isolated body side force and yawing mouents cre'complted
against test data. Again, the effects of considering all of the wake
vortices separately from the growing vortices are considered. To make che
distinction clearer, no atteauation of non-growing vortex effects has been
included. It will be seen that use of all the.vorticeu produces divergent
results which have none of the oscillatory character typical of nlynn;ttic
effects and evidenced by the dats. This is because the net wake circulation
?e-einl unchanged in ;1gn; regardless of fhe‘number of vortices ptesent;

Use of vhe growing vortices only, on th? other hand, yields quite good
matching of force and moment magnitudes, as well as angles of onset and

new vortex nppeafance. at least until several vorticés'are present. While
matching is not exact at the higher angles it is clear that use of the
progran vi}l produce satischtory'preliminary design level estimates for
isolated bodies.

‘Lnstly.rconparisons are shown between predictions and data for the

10 caliber body with a variety of tails. Based on the results for tails

and bodies, these comparisons contain the effects of growing vortices only.
Figures 13 a, b, anq c show side force, ﬁawing moment and rolling moment com—
parisons respectivelyf Prediction accuracy is generally satisfactory. In
most cases the magnitudes of the quantities are predicted quite closély.

On the other hand, the onset of asyﬁmetry_and the appearance of new vortices
are no: always so accurately veproduced.

The results of Figures 11-13 indicate that the vortices growing in the

vicinity of the body dominate the induced effects. This‘appears intuitively' '

correct, particularly in the «context of the two-dimensional analogy. There,

the vortices closest to the body would be expected to produce the pressure

ilatdine.. BN
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and velocity distributions which generate the forces and moments, with

the remainder of the vortices having little effect as they pass downstream.

It 18 not unexpected then, that the three-dimensional case should give
similar results. However, although the street vortices have been shown to have »
relatively little impact, the experimental information on theirvstrgngths and
shedding ffequencies remains of central importance since ii defines the
bounds of growing vof:cx strength and shedding frequency.

In general, the model performs quite reasonably. In view of the changes
1nlforce and moment data ragnitudes and signs which can be obtained by rotétion

of test models, 1, 3,4)

some degree of fortuitousness might be assigned to
the results shown.  On the other han@, it is unlikelyfthat any meas§red

forces apd moments will be slgniflchntiy greater than those calculated since
the model contains all the egsentiql elements of the vortex fiowfield, both

in magnitude and locations. In addition, it is felt that the means of CQICulnting

flow field effects are adequately founded in theory.

»
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6.0
6.1

PROGRAM USERS MANUAL

Input and Output Formats

Input Format:
The input requirements for this program are relatively simple. The

input can be separated into 9 basic groups. The foilowing gives information

concerning each grouping.

Group 1 ~ Flow field data
a. Format: 4F10.0
b. Variables:
VINf - Free stream velocity in ft/sec

FSMN - Free sfream Mach number

RHOINF - Free stream density in _l_ll_s_:_c__
fe
ANU - ginematic viscosity in fe2/sec
Group II - sqdy|Data ’
a. Format: 6F10.0, 213
b. V;riables:
D - Maximum body cross sectiqnal diameter 16 ft.
SREF - Body ;eferencé area 1n‘ft2 |
NOSEL -~ Nose length in ft.
BODYL - Body length in ft.

XMC - Moment reference measured from.the nose in ft. (absolute value)

- ~1 ,body radius,
Nose half angle in deg. Delta = tan (npse length)

NS = Number of segments into which the finless portion

DELTA

of the body is to be divided. (Maximum of 100 segments)
IDCONF - Configuration Type (0 » Body, 1 = Body + Tail)
Group III ~ Fin Data (Input only {f IDCONF = 1)
2. Format: (7F10.0) '

b. Variables:




XF - Axial distance in feet from nose to bhyli:ll fin root chord
leading edge. Measured negative from nose aft. (See Figure 14)

YF - Distance in yaw plane from body centerline to fin root

chord leading edge. Measured in feet. (See Figure 14)

ZF - Distance in pitch plane from body cenietline to fin root
chord leading edge. Measured in feet. (See Figure 14)

‘XFMAX - Axial distance in feet from nose to fin tip chord leading

edge. Measured negative from nose aft. (See Figure 14)
YFMAX - Distance in yaw piane from body centerline to fin tip
chord leading edge. Measured in feet. (See Figure 14)
ZMMAX - Distance in pitch plane from body centerline to fin tip
chord leading edge. Measured in feet. (See Figure 14)
SREFT - Tail u?ngle panel peference area in ft.z
The above measurements apply to a single lee-side fin in the pitch plane
of & non~rolled missile. |
Group IV -~ Indicators
" a. Format: (313)
. Variables

- NAOA = Number of angles of attack to be considered. As mary as

30 angles of attack may be entered'pet run. '

NTYPE - Nose type indicator

NTYPE ) Nose Shape
1 ' Cone \\
. o \
2 Tangent Ogive
NLAM . = Number of roll angles to be considered. As many as 30

roll angles may be entered per run.
Group V - Angles of Attack
a. Format: (8F10,0)
b. Variables: _
AOAD - Angles of attack in degrees (See Figure 14)

Group VI - Roll Angles

AT S A1 e
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a. Format: (8F10.0)
b. Variables:
RA* = Roll angles in degrees {See Figure 14)
*Locates fin positions relative to leeside vertical,
RA = 0.0
Group VII' - Radial Vortex iimit
a. Format: (F10.0)

b. Variables:

GAMLIM - Radius at which the influence of a vortex on the
body goes to zero. (diameters)

) Group VIII.- Nose Fineness and Bluntness Ratio Option
a. Format: (I1,Fl10.0) |
b. Variables
IOPT1 - Option indicator

(0 = Do not use oﬁtion, 1 = use option)

Nose tip radiua X 100)

BRN - Bluntness ratio in percent - (Nose Lase radius

Group IX: Run Configuratior Indicator
a. Format: (Il)
b. Variables:

IRUN - Run indicator (1 - another run follows
0 = terminate computations)

Output Format:

Output format will be determined by the nature of the configuration being
analyzed, Output for isolated hodics consist of angles of attack, side force
coefficients (CY) and vawing moment coefficients (CETAMC) about the moment
center input by the user. 1If the finencas and bluntness ratio scaling option
is selected, output will be scaled and repeated. Output for body plus tail
configurations consist of angles of attack, irduced side force coefficient
(CY), yaving moment coefficient (CETAMM) about the user input moment reference

o MR 4

p—

center and rolling moments, Additionallv, for a fin located in the leeside ;

vertical plane (RA = 0.0), the force normal to the fin {s also printed out,
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. 6.2 frosram Flow Charts

Tvo program flow charts are presented. The first (Chart 1) is a
qezexalisad flow chart designed to provide the user a basic map of pro-
gram functions. The second flow chart (Chart 2) is designed to give the

user requiring a working knowledge of péogrnn functions a more detailed

breakdown of program logic.

Descriptive statements are also contained in the program listing in

order to facilitate tracing the steps thrc.gh the program.
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Chart 1. Top Level Program Plow Chart

A Read program inpute. ,
i .

"B Begin side force and yawing moment calculations at a given angle

e S el A st 1

'

of sttack.
l N
C Initialize configuration geometry constraints and vortex related

patameters. , :
T :

D Vortex sepau:‘ion point coordinates definitiom. :
T
r E Separated vortex strengths defined. i

i

P Calculation of vortex induced body side forces using Kutta-Joukowski :
relationship with total circulation attributed to both shed and grow- ;
ing vortices. . ! i

1s this a body and Yes

tail configuraticn?

M Calculate vortez induced fin normal
forces and rolling moments.

|

,J 1 Configuration side fnrce and yawing ) )
soment calcylation sumeation.

1s there another tonfigyration
to be analysed?

Yes
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Chart 2. Detailed Program Flov Chart

[;7 Read program inpu;;:]
1

II Initialize calculations for a given angle of nttlck.‘]v
N -

Initialize indicators, zero out storage and calculate axial and
' crossflow components of flow.

i

Locate Thomson vortex strength, separation angle and lepa}atlon
point parameters in data tables. '

1
l Calculate pot-ntial flow generated vortex strength pcrluetcr.l
%

Calculate vortex strength scaling factor for super-criticsl
Reynolds numbers.
1

Define Strouhal number as a function of crossflov Reynolds number

and configuration type.
1

[botinc nose shoulder location in form of separation point parapttor;l

£

Calculate Thomson vortex trajectory angle using separatioca angle
paraneter, '

‘ .

| Establish region over which base effects will influence vortex

growth.
f )

l Calculate vortex circumferential neg&rntion argle. l
1

[Eulculate vertical distance between street vortices of like ll;nf]

‘ .
| Calculate the lateral distance .eparatini vortices in 8 stable
Von Karman vortex street.
[ 1

Scale street vortex strength parameter for guper-critical
Reynoldsé numbers.
T
[Ealcula:e street vortex strength using strength y&runct.r;], _

{Calculate streer vortex growth rate. |
[ ] S
Deteraine effective body length under influence of vortlcc..]

[

For body alone configurations effective body
length 2quals total body length.

T _

For body plus tail configurstions effective body length is
the axial distance to the most forward point én the fin

leading edge.
45
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Chart 2. {contipued)

Divide the effective body length into the specified number of f
. segments or computation intervals.
T

it th; effective body length {s sufficiently long to shed more

vortices than the Thomson data tables indicate, add additional
street vortices at regularly spaced street separation intervals.
H 3

Using vortex separation point parameters, calculate sxial
. separation points. '
e aw
re--

Examine sach body segment to determine if Thomson axial separation
' . points fall within the segment.
L. -
After locating Thomson's separation within a segment,
detetming if sepsration point is on the nose or cylindrical
portion of body. ’

Using local body diameter, calculate coordinates of point
wvhere Thomson's vortex trajectory penetrates lqrflco-

1

Redefine vortex axial vortex separation points as those points whers
Thomson's vortex trajectories penetrate the body surface.

Lo
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. Chart 2. (continued) - . o

¢

Is 1t & street vortex?

Does the vortex
separate on nose?

influence the
vortex growth)

- AP A T E AN TSGR TP WGP TR G W -’-‘

Vortex ;trcngth calculoced based b
Vortex h trength
::t::cd.;y'ﬂ .nton.“ on local body diameter and cir-

P.-'------_-------

culation required to produce
potential 1ift on nose prior to
poiat of separastion.

.@...--

Vortex strength calculated
based on nose potential cou-
tridution and grovth from
shoulder te point of separe-1. ° !
tion at street grovth rate. b

s the vortex forced to sh
premsaturely st the base of

Yeo

the body?
Vortex strength adjusted to ac- Vortex i{s forced to saparate ;
count for the region where prematurely with strength ad- :
grovth was influenced by the . justed sccordingly. Lo
' base. ;
E
j.
i
47 :
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Chart 2. (contioued)

|c1nr .rn;. '

Exsaine each zegment to determine the number of vortices
on or prior to it. .

pemeiy

) —

Determine the number of shed vortices passing over the
segment and their effect on the segment,

e
Ehcd vortices passing over the entire uplut._l

Are they

-
e street vorticest™.Je8

Deteraine if the vortices are
transitioning from t:+ Foppl
Vortex trajectories. growth trajectory to the

defined by Thomson Thomson trajectory or 1if the
léuution sngle. transition is complete.

1

Circulation about segrent defined
as componsnt of vortex circulstion
resclved parallel to body longitudi-
nal axis.
]

Calculate contribution to segment side force and

yaving moment sccounting for the decay ir circu-

lation with radial distance saparating the vortex
and segment.

it any vortices are shed within the bounds of the segment,

determine the effect of the shed vortices on the portion

of the segment over which they pass taking into account as

above, the trsjectory they are on sand the decay ia circu-
lacion with radial separation distance.

T AR YA b s AR B 51




Chart 2. (continues)

1f eny vortices were shed vithin the segment, deternine
the influence of these vortices up to the point of

separation. .

™ circulazion grovth
L to separation.

Are the growing vortices
treat vortices

-

Calculate vortex growth taking
iato sccount regions of body

‘ “Jand their influence of growth
Tate.

Celculate vortex growth taking inte account

the influence which different portions of

the body have on growth rete and {f the etrest
vortices of interest are the initial two street

yortices or not.

lculate contribution to segment side force and yawing moment

ccounting “or the decay {n circulation with radial distance

separating the grovwing vortex core and segmant.

‘

aw
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Chart 2.  (continued)’

1f any vortices were shed within the segment, determine the
Jinfluence of growing vortices from the point of separation
to the end of the segment.

Are the grovin;‘voftico. the
inicial street vortices?

lculate vortex grovth accounting for sny base
ffects and the modified growth rate resulting
from the irregular spacing between nose vortices
and the inttial two street vortices.

Calculate vortex growth using the nominal street
vorten growth rate and atcounting for any base
effacts on grow:h rate.

Calculate contribution to segment side force and yawing mowent
accounting for the decay in circulation with radial distance
separating the growing vortex core and segment.

1f any vortices were shed from segment of interest,
determire the nuaber shed.

Yes

Did 2 or more shed?

This means that one vurtex
will be growing over the en-
tire length of the segment.
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Chart 2. (continued)

s the groving vortax
strest vortex

f

Detarmine 1f the segment is on the
nose or not and calculate the vor-
tex growth sccordingly.

Yes Are the growing vortices
initial street vortices?

Calculate vortex grovth sccoumting for

any base effects snd the modified growth

iTate vesulting from the frregulsr spsc-

ing between nose vortices and the injtial
two street vortices.

Calculate vortax growth using the

nominal street grovth trste and ac~

counting for any base effects on
growth rate.

‘
i

Calculate contribution to segment side force
and ysving moment sccounting for the decay ia
circulation vith radial distance sepsrating

the growing vortex core and segment.

If vo vorcices are shed from segment of interest,
lcalculate contribution to segmant side force and
lyawing moment as & result of two growing vortices

[passing ovar the segment.

"




Chert 2. (m:nuu)'-

1

Clear total .ldc force and yawing moment arrays before summation for
. segment of interest begins.

1

Zero out contributions to side force and yswing
moment from shed vortices. This portion of pro-
gram needs to be removed if these contributions
' _are to be considered.
1

Sum contridbutions to segment -!.dn force

C sod yawing moment. | '

[C.lcuhtc segoent moment l!‘l.]

‘-——-[Hovc to next body upcnt.l .

[Su- side force and yawing moments for all body n;-onta

Is this & body plus
tail configuration?

B Call the subroutine rr..onsible for calculating
vortex effecte on fins {FINCAL) and calcv.late
‘fin normal force, induced rolling moment and
. contribution to side force.
4

Sum isolsted body sids forces and yawing
moments to fin contributions.

‘_"[I__Calcullu side force and yaving moment coc!ﬁcintt.] ' . l .
@-—[J Co to next angle of attack snd repeat sbove ulcnhtlm.' : A

[i 1f body plus tail conhguution. print outwt.l : : '

K Tf indicated lat isclated body. modify output for nose fimeness tatio '
and bluntness effects and print output. ) .

3
@‘-—{L Caeck to determine if another configuration is to be considered. ]

e
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6.3 Program Listing
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nALY TB1S :gf 13 BES;T QUALITY PRACTICABLY
QEA. LAVIMUSE o1 AV) HED 10 DDC 0nQ0nnlo
GIMENSION bSE:P(ZO)o~>EP(eU)'Auan(la).Aﬁn:(!d)-sAva(eu) 00000020
DIMENSION GAMDC (20) +GAMT(100) 9SF (100) €Y (100) 00000030 |
DIMENSION Yv0Ou(100)C: WA(lun)onFﬁT(?ﬂ).»cFDY(Zﬂ).G:EPZ(ZO) 00000040
DIMENSION A3SEP(20)+38(30) 0n00n0SO
DIMENSION FUGOC(20) 325V (2V) ¢eFMARSY (20) .3 0TS (20) 0n00n060
DI4ENSINN F*GaU!(ZO).:HUAs(PU)vFMiUAQ(?n) Gau(2n) ,Fus3U(20) 0n0000T70
DIMENSINN CETAMC(109) 0n000080
DIMENSION F4T (1n0) s N1 (3) ~ - 0np00n090
DIMENSINN SFP~. (20).:F’GV(eO)oSFauraf’n).<arA5(>o,.<FGBJ(2n; 0n000100
DIMENSION TWA“HC(I7)olALP*A(b)ofﬂﬂWo(l?.ﬁ, . 00000110
DIMENSION I3KIP (301 eSOLMLIN) 0no00nla0
DIMENSION TRI(17)e71362P(1707) 0n00n139

DATA TGAMR/ 2.8 3 2,8 o 2.8 928 42,21 o« 2,84 2.9 2 3,0 4, 3,11 0n000l40

2, 3.28 0 3, 41 e 3.9 0 duh 5 ben 4, 4,10 4,03, 3.a » 2448 ¢ 2,.690n000150
A g 2048 9 2,43 ¢ 2.4 4 245 2,59 ¢ 2,85 ¢ 2478 9092 s 3,09 00000160
6 ¢ 3428 0 3,88 , 3,58 4 3,85 3.7? e 3.5 0 201 9 2.1 9 2,1 ¢ 2,1 0n0001T70
§ ¢ 2011 2.13 & 2,105 Ce@H v 2,38 o 2,51 2e68 o 2485 ¢ 2.06 0n000180
6 3e27 o 3,62 . 3,35 4 3,02 0 1,8 4 1e8 o 16 4 Jesl 0 162 0n00n190
7 1065 9 1463 o 1,77 o 1489 0 2,0 4 2,12 0 263 9 2.5 v 2,7 00000200
Q 2688 » 2,73 o 2,5 0 ol o lol o 1,1 1ol o lely o 1,13 4 1017 0no000210
9 o 1e2 o 1629 o 1239 » 143 les o 1,81 , 2.0 o 2. 12 ¢ 2,09 o 0n000220
] lo°3p061 o of1 o .91 o oﬁe .93 o o0k o 06T & .7 ’ ,5 ¢ o8 0ﬂ000230
? o o9 ¢ Q99 o 1.1 o 1721 1431 » l.?q\.‘.l“ / 0n00N24n

DATA THMACHCZ Nen 904U ol b 9 U 13 o 0,2 , 0e25 0,30 « 0,25 » 0nn0n2SH

2 Neb o Ne®n o UH o 0,56 ¢ Ner o 0465 o 0s7 o ne?S 0.0000ﬂ260
3 e R / . L 00000270
DATS TALPHAZ neh o 2060 o 3060 o 4N, 0 & Sne0 o 50,0 / .0n00n280
. DATA TGSED/ o12 o o165 s 19 0 023 o 426 ¢ 429 v 32 v 435 4 39 4 00000290
1 e8P0 o3 o o4l 9 o8N 4 482 o o83 s 86 ¢ o358 o 423 0n00Nn300
? o1 9 o3 4 o6 ¢ AT 4 (4D o J4T 9 5 9 ¢33 o 57 o 0n0Q0n31DH
3 .'.!9 v .Se [ «He AT .’5’3 . 07 ? 72 ¢ 053 [] .57 L\ 2 00000320 '
¢ oTl o 76 4+ o8 ¢ o8 ¢ LRT ¢ 9 * «03 «37 s1e0 e 00000330 ;
-3 102 91¢05 o108 slol 01,12 41413 91018 ,l 23 41427 » 00000340
] 1032 9139 31e38 91047 31484 41046 91648 21e3 41052 » 00000350
7. 1693 91658 o1e37 01653 91,8 +1¢AB 1473 91.78 41.82 & 0n00n36n
L] 1636 93134 o1o9¢ 11694 41,97 o198 920 212.12 +2.04 « 00000370
3 2400 92479 02409 3261 92,18 2423 ¢2.28 12432 42436 00000380
1 2e8  92.53 22445 12:47 99.4A 42,8 42452 92453 42456 ¢ 04000390 |
2 2.58 92,59 o245 924RR 42,73 42,78 92,82 12430 2.9 0a00Nna00 |
3 2033 12475 42¢98 03000 $7.03 42,06 93,09 #3.09 3.1 o+ 0n0004lo
. T 3411 3,12 / 0n000420 |
DATE TXD /7 o812s ,31€s LRiZy oaR12y ,AIP 4Pl o 48089 o8 o o797 0A00NA34
1 eTHGs JT15s o724 o733, !;1 o oRT o oh&Ty ST / 0n00ne40
.Q.l....._'....'.'...OD............I. ...oi..00’0;.....‘.......... ' ‘
REAY INPUT JATA avD INTTIALIZE vnIT=% PaaaMETENRS :
..........Q.......OD."9..'........»0.....'...Q................... ‘
QFa) FHFE 3THEA ¢« 29WDET1ONS !
61 HEA)(Se1 ) VINFFEMNe 34D VF eu VU : 0Ar000S1n
1 FORWAT(FI0,0) ' , 04000511
2 FORWAT(4F10,0,273) , 0n000512
3 FORWAT{313) ‘ : 0n00NS13
4 FORYAT(T1,F10,0) 04000516
H REA) CONFIGURATION INTnwMalluN
READ(Se2)VeSR=F 4I5S T L'nﬂUYLo'ﬂL.H LTAGNS e TNCONF 0n00n620
IFLIUCONF ,Flenizu T 2y 0n000630
M READ) FIN "ATA Fnk 3407 pLJs ‘AlL 2NF IR IRATTIONS .
REAVISe 1) XF Yoo ZF o X} H"anPquolFPQl SREFT 0ng006%0
54
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20 DELTAREOELTA/ST,29517

€1er

ANG _ES
READ(SeAINADANTYSEoN.M
REAJ ANGLES OF ATTACK
QEA)lﬁol)(AJA)(I)olsl'vAOA)
REA) RILL aNG_FS
REAI(Ss1) (RA(T) oIl oN M)
REAJ RADIAL LIMIT DT VORTEXR INF{ nSNArE
REAJ(Se1)GAMLIM
READ NOSE FINTNESS AN) BLUNTNESS “PTION NDaTa
READ(Se4) IN2T (HRN
c? STARI aMGLE OF aTTulx LJUP
DO 51 [=1l.NAUS
ANAI(I)=ANAI(Y) /S ,292T77
§1 CONTINUE
Do 32 12l N00A
IsxIP(I)=n
1sTIk=)
NARAS] .
LAM=RA (NU3A)
LAMIZLAM
LAMEBLAA/ST 29577
IF (IUCOYF EdeM RO 1) 20
RF1yzAY
YERz=la®{ 1/2,)*S i _N"Y)
ZFR={D/?24.) *COS (LAY
21 DO 614 x=21NS
SF(<)=0,0
416 CONTINUE
DO &1%9 g=1s20
AGSIP(J)I=0,)
415 COMTINUE
Cv(l1)=0,v
san. M{lry=n, 0
cerallr=v,
cCeETAMC (1) =0,0
C CRNSS FruU- VE OCIlY ain Mals Nuwa
VCaVINFaSIN{ANAS(L)) ‘
CRMIBFSYNOSIN(ANAILT))
c AXT&L VELICITy anN) 44w N M3ER
AMAASFSUNSCIS(AnaR(I))
VINSAzvInER*Z03(ALAY(L))
AQA=RAOANLT)
lF':E"MoGTQUoﬂ)QO 1Y 32

o O O ©
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